A total of 129 sRNA candidates were identified in Brucella abortus 2308 in our previous work, and one candidate with potential to regulate expression of hemH gene was further analyzed in this study. We found that the novel sRNA can inhibit the expression of hemH and called it BsrH (Brucella sRNA regulating HemH). The expression level of BsrH was tested in four different stress conditions. A significant upregulation was detected during the growth in acidic and Brucella minimal media, as well as in the presence of hydroxyl peroxide, while iron deficiency caused the opposite effect. As expected, BsrH strongly affected the survival ratio of the Brucella cells under iron-limitation conditions, though overexpression of BsrH did not affect Brucella virulence. Thus, we conclude that BsrH plays a regulatory role in bacterial heme biosynthesis and can be considered as the first Brucella sRNA involved in stress responses.
INTRODUCTION
Small non-coding RNAs (sRNAs) are widely distributed in bacteria. According to the location of their genes on the chromosomes, sRNAs can be divided into two groups: (a) cis-acting sRNAs with the capacity for extensive base pairing (antisense RNAs or aRNAs) and (b) trans-encoded sRNAs, having limited potential for base pairing with the target mRNAs (Waters and Storz 2009) . Since many cis-encoded RNAs with antisense orientation to neighboring genes can also form binary complexes with transencoded mRNAs, this classification is not strict or decisive.
By binding to the target mRNAs or proteins, sRNAs are involved in many biological processes. They regulate the expression of outer membrane proteins (Guillier and Gottesman 2006) , iron homeostasis (Masse, Vanderpool and Gottesman 2005) and bacterial virulence (Toledo-Arana, Repoila and Cossart 2007; Caswell et al., 2012) . Two sRNAs involved in virulence have already been found in Brucella abortus 2308 (Caswell et al., 2012) , which encounters formidable environmental stresses during its interactions with the host cells (Roop et al., 2009) . Extensive studies examined the facilities that this pathogen uses under environmental stresses such as its two-component systems (Abdou et al., 2013) and extracytoplasmic function (ECF) σ factors (Kim et al., 2013) . In other bacteria, sRNAs also play an important role in diverse stress responses, such as cell reaction to temperature shocks, metabolite/nutrient disbalances, envelope/outer membrane protein damages, oxidative stress, iron deficiency, pH variations and aerobic/anaerobic transitions (Hoe et al., 2013) . Although many studies have demonstrated (Cui et al., 2013) , the relationship between the sRNAs and the stress responses in Brucella is still unknown.
In previous work, we identified 129 sRNA candidates in B. abortus 2308 using a combination of bioinformatics approaches and the putative targets of them were predicted (Dong et al., 2014) . Our particular attention in this study was given to the sRNA candidate, transcribed in antisense to hemH gene. We checked its effect on the expression level of hemH and revealed expected inhibition. Although overexpression of BsrH did not affect Brucella virulence in vitro and in vivo, the obtained results clearly demonstrated that BsrH participated in adaptation to various stresses.
MATERIAL AND METHODS

Bacteria strains and culture conditions
A routine cultivation of Escherichia coli cells in Luria-Bertani (LB) broth or on LB agar plates with appropriate antibiotic supplementation was performed. The Brucella strains were routinely grown in tryptic soy broth (TSB, BD company) at 37
• C or on tryptic soy agar (TSA) medium incubated at 37
• C under 5% CO 2 .
In addition, chloromycetin (30 μg ml −1 ) was added when culturing the Brucella strains with chlorampenicol resistance. All of the bacterial cells were stored frozen at −80 • C and supplemented with 25% (v/v) glycerol. In order to determine the expression levels of the BsrH under different conditions, B. abortus 2308 was cultured in TSB (pH 4.5), TSB + 10 mM 2,2 -dipyridyl and BMM (Brucella minimum medium) for 4 h, respectively (Dong et al., 2013) or alternatively, in TSB + 2.5 mM H 2 O 2 for 30 min. All the work was performed with live B. abortus at a biosafety level 3 laboratory at the China Agricultural University.
RNA isolation and RT-PCR
The total RNA of B. abortus 2308 grown under different stress conditions and harvested at different growth stages was extracted and reverse-transcribed (RT) into cDNA using random primers, as previously described (Liu et al., 2012) . RT-PCR was used to assess the expression level of BsrH. In these assays, 1 μl of cDNA or total RNA not passed through the reaction of reverse transcription (negative control) were used as templates for PCR. Samples with genomic DNA were used as positive controls. The specific primers used for RT-PCR are listed in Table 1 . The PCR products were analyzed by 2% agarose gel electrophoresis, and the bands of appropriate sizes were cut and sequenced by the Beijing Genomics Institute in Shenzhen, China.
and 3 RACE
To determine the sequences of BsrH termini, rapid amplification of cDNA ends (RACE) was performed as previously reported (Sharma et al., 2014) with some modifications. 5 and 3 RACE were carried out using the 3 -full RACE kit and 5 -full RACE kit (TaKaRa) according to the manufactural instructions. The BsrH specific primers are listed in Table 1 . The PCR products were cloned into the pMD18-T vector (TaKaRa) and sequenced by the Beijing Genomics Institute in Shenzhen, China.
Quantitative RT-PCR (qRT-PCR)
In order to estimate the expression levels of the sRNA under various stress conditions, qRT-PCR was performed (Dong et al., 2013) . Samples were run in triplicate and amplified in a 20 μl of reaction containing 10 μl 2 × SYBR R Premix Ex TaqTM II (TAKARA), 100 nM forward and reverse primers and 1 μl of cDNA. The mixture was incubated at 95
• C for 3 min, and then was subjected to 
Bioinformatics data analysis
The target genes for the sRNA were predicted using sTarPicker (http://ccb.bmi.ac.cn/starpicker/) (Livny 2012) and TargetRNA 2.0 (http://cs.wellesley.edu/∼btjaden/TargetRNA2/contact.html) (Kery et al., 2014) software. All computational parameters were set at their default values. The secondary structure of sRNA was predicted by RNAfold Webserver (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi) with default parameters.
To determine whether the BsrH shared any sequence similarity with other known sRNAs, the BsrH was blasted for expansion using the sRNA databases: the Bacterial Small Regulatory RNA Database (http://bac-srna.org/BSRD/index.jsp#) and the Rfam Database (http://rfam.sanger.ac.uk/). In addition, a BLAST search was conducted using the NCBI Microbial Nucleotide BLAST, with the search terms 'Optimize for somewhat similar sequences'.
β-Galactosidase assays
The E. coli-based reporter system used for verification of genes regulated by BsrH was constructed as previously described (Dong et al., 2014) . The primers used to amplify bsrH and the putative target sequence are listed in Table 1 , whereas the plasmids used in this study can be found in Table S1 (Supporting Information).
Cloning and overexpression of bsrH
The predicted coding sequence of bsrH was amplified by PCR from B. abortus 2308 genomic DNA using primers indicated in Table 1 . The fragment containing bsrH gene was excised by a BamH i and Kpn i double restriction digest and sub-cloned into previously cut by the same enzymes plasmid pBBR1MCS6 for acquiring the pBBR1-BsrH. Then, the vector was transferred to the B. abortus 2308 cells to obtain the BsrH overexpression strain (2308-BsrH). The pBBR1MCS6 empty plasmid was also transferred to B. abortus 2308 to obtain the control strain (2308-pBBR1).
Stress response assays
The control cultures of Brucella cells were grown for 48 h in 4 ml TSB medium from a single clone. To test if overexpression of sRNA affected bacterial survival upon amino acid starvation, the bacterial cells, with an initial density of 1 × 10 7 CFU ml −1 achieved in TSB, were grown in BMM at 37
• C with continuous shaking. The concentration of bacteria was measured every 2 days. To test if overexpression of sRNA affected bacterial survival in acidic environments, the Brucella cells, with an initial density of 1 × 10 6 CFU ml −1 achieved during growth in TSB, pH 7.3, were transferred in TSB, pH 4.5 for 8 h and the concentration of bacteria was measured at 2 and 8 h. In order to determine if overexpression of sRNA affected bacterial survival under oxidation stress, bacterial cells were adjusted to a concentration of 1 × 10 9 CFU ml −1 , and 100 μl samples were seeded on a TSA plate, with a 5.5 mm sterile filter paper disk in the center of each plate. Ten microliters of a 30% solution of H 2 O 2 were placed onto each disk and incubated at 37
• C with 5% CO 2 . The zones of inhibition around each disk were measured after 72 h of incubation. Similarly, the Brucella cells were cultured in an iron-limitation medium (TSB with 10 mM 2,2 -dipyridyl) for 48 h so as to detect if the overexpression of sRNA affected the iron utilization. The bacteria were cultured in this medium from the same initial density (1 × 10 7 CFU ml −1 ), and the CFUs were determined at 24 and 48 h.
Professional and non-professional phagocytes survival assays
To investigate intracellular survival of the pathogen, the multiplication of B. abortus 2308 and its derived strains in J774A.1 murine macrophages and HeLa cells were assessed. The assays were performed as previously described (Zhang et al., 2009) .
Mouse infections
Virulence assays were performed as previously reported (Mirabella et al., 2013) . Briefly, 8-week-old female BALB/c mice (eight mice in the experimental and control group) were injected intraperitoneally with 0.1 ml 1 × 10 5 to 1 × 10 6 CFU ml −1 of the appropriate bacterial cells, respectively. At 1 week and 6 week post-injection, four mice from each group were sacrificed, and spleens were collected. The spleens were homogenized in 1 ml of PBS, and serial dilutions of the homogenates were plated on a TSB solid medium to determine the bacterial load.
The differences between the means of the experimental and control groups were analyzed using independent samples t-test included in the program SPSS 17.0. Differences were considered to be significant at P values of < 0.05.
RESULTS
The sRNA BsrH regulates the expression of hemH Among 129 sRNAs candidates, found in our previous study (Dong et al., 2014) some may be of particular importance because they overlap with the coding sequences of adjacent genes. One such RNA, which putative target is the virulence gene BAB2 0075 (hemH) related to iron metabolism, attracted our special attention (Fig. 1) . The total RNA of B. abortus was extracted and RT-PCR with primers BsrHf and BsrHr (Table 1 ) was performed. Fig. 1A clearly demonstrates that this sRNA is produced in bacterial cells.
To verify the interaction between the novel sRNA and its most probable target (mRNA of hemH gene), the sRNA sequence amplified with primers BsrH-1 and BsrH-2 (Table 1) was cloned into pUT18C plasmid (pUT18C-BsrH), while the target gene amplified with primers PhemH-1 and PhemH-2 (Table 1) was inserted into lacZ fusion plasmid PMR11-lacZ (pMR-lacZ-PhemH). The combination of pMR-lacZ-PhemH and pUT18C empty plasmid, or a combination of pMR-lacZ-PhemH and pUT18C-BsrH, was transformed into DH5α. The β-galactosidase activity of strain containing the combination of pUT18C-BsrH and pMR-lacZ-PhemH (2.15 ± 0.12) was significantly reduced when compared to the strains containing the combination of pUT18C empty plasmid and pMR-lacZ-PhemH (4.19 ± 0.09) (P < 0.05). That means that novel sRNA can bind to the 5 -UTR sequence of HemH-mRNA and regulate the expression of hemH in a negative manner. We therefore called it BsrH.
BsrH is a unique RNA for members of the genus Brucella
The bsrH gene is located in the B. abortus 2308 chromosome 2 in an intergenic region between the hemH (BAB2 0075) gene and the gene encoding lipoprotein Omp10 (BAB2 0076). According to the results of 3 and 5 RACE, performed as described in the section 'Materials and Methods', the full length of BsrH is 150 nt, and this gene overlaps the coding sequence of hemH for 46 base pairs (Fig. 1B) . The BLAST analysis showed a very high degree of sequence similarity for bsrH in the genomes of Brucella (99-100% identity); however, homologous sequences were not detected in any other microbe. We thus conclude that bsrH is a unique gene for members of the genus Brucella. The putative secondary structure of BsrH (Fig. 1C) was predicted by the RNAfold Webserver (Gruber et al., 2008) . The value of its free energy of folding is -33.1 kcal mol −1 , that in absolute terms is higher than expected for small regulatory RNAs of this size (∼-40 kcal mol −1 ), but fits well to similar antisense RNAs (Tutukina et al., 2007) .
Expression pattern of BsrH in B. abortus 2308
qRT-PCR with RNA samples isolated from the bacteria grown under different stress conditions or harvested at different stages was performed in order to characterize the expression pattern of bsrH. We found that BsrH is produced at all growth phases, but the expression level decreased slightly with increasing der different stress conditions. Brucella abortus 2308 was grown for 48 h in TSB medium from a single clone. Then, B. abortus 2308 was cultured in TSB (pH 4.5), TSB + 10 mM 2, 2 -dipyridyl, BMM for 4 h or in TSB + 2.5 mM H2O2 for 30 min. The expression levels of bsrH under different stress conditions were compared to samples cultured in TSB medium. DIP stands for 2, 2 -dipyridyl.
culture time ( Fig. 2A ). An intracellular amount of BsrH increased under acidic (pH4.5 for 4 h) or oxidative (2.5 mM H 2 O 2 for 30 min) stresses, and even when cells were cultured in BMM. However, iron deficiency (10 mM 2, 2 -dipyridly for 4 h) decreased the level of BsrH (Fig. 2B) . Expression of BsrH, thus, may be subjected to cell regulatory networks operating in different stress conditions and balancing assimilation of iron.
BsrH is involved in iron metabolism in vitro
Since the BsrH coding sequence overlaps the promoter of hemH, it was not possible to construct a BsrH deletion mutant without affecting the expression of hemH. Thus, for further functional analysis the bsrH was cloned and overexpressed from the pBBR1-BsrH plasmid. The level of BsrH in 2308-BsrH cells estimated by qRT-PCR was about 30-fold higher compared to that of 2308 and 2308-pBBR1 strains (data not shown). In order to determine if the overexpression of bsrH can affect the survival of the Brucella cells under different stress conditions, three strains of B. abortus: 2308, 2308-pBBR1 and 2308-BsrH were grown in different media as mentioned before. Fig. 3A indicates that the survival ratio of 2308-BsrH cultured in an acidic medium for 8 h was almost the same as 2308-pBBR1 and 2308. In BMM, the growth ratio of 2308-BsrH was also similar to that of the wild-type (WT) and 2308-pBBR1 cells (Fig. 3B) . And we did not find significant difference among these three strains in the H 2 O 2 disk sensitivity assays (Fig. 3C) . However, the survival ratio of the 2308-BsrH was much lower than that of the WT cells and B. abortus containing pBBR1MCS6 empty plasmid if cultured in TSB (10 mM 2,2 -dipyridyl) for 48 h (Fig. 3D) . Thus, we conclude that BsrH is involved in iron metabolism.
Overproduction of BsrH did not affect the survival of Brucella strains in professional and non-professional phagocytes
To study the effect of BsrH on Brucella virulence in vitro, the capability of three Brucella strains to propagate within cultured professional and non-professional phagocytes was investigated. Fig. 4A shows that the intracellular bacterial loads of BsrH overexpression strain in both non-professional phagocytes HeLa and professional phagocytes J774A.1 were similar to that of WT strain and 2308-pBBR1 at each time point.
Overproduction of BsrH did not affect the survival of Brucella strains in BALB/c mice
In order to study the effect of BsrH on Brucella virulence in vivo, the survival of the Brucella strains in BALB/c mice was examined. As shown in Fig. 4C , the intracellular bacterial load of 2308-BsrH in BALB/c was similar to that of the WT strain and 2308-pBBR1 at 1 week as well as 6 weeks post-infection.
Thus, although significant changes in the expression level of BsrH were detected in various growth conditions, only iron deficiency allowed to reveal its vitality.
DISCUSSION
A 150 nucleotides long RNA BsrH, that expression depended on several stress conditions, was found and characterized in this study. Its putative targets were searched computationally by two software, sTarPicker (Table S2 , Supporting Information) and TargetRNA 2.0 (Table S3 , Supporting Information). Both programs predicted interaction of BsrH with mRNA of the cis-encoded hemH gene albeit with essentially different scores. We showed that BsrH repressed expression of hemH gene, which encodes the last enzyme of the heme biosynthesis pathway. Although there are 22 other targets predicted by both computer approaches (Tables S2 and S3 , Supporting Information), and BsrH may be capable of regulating the expression of other genes, there is also a possibility that HemH-mRNA is the only target of this RNA, as it is typical for other cis-encoded sRNAs (Michaux et al., 2014) . Although currently it is not clear how important are stem-loop structures of antisense sRNAs, it is assumed that they are less important than for trans-encoded sRNAs, and folding stability of BsrH appeared to be less than expected for sRNAs operating in trans (Tutukina et al., 2007) . For all that, four stem-loop structures predicted by RNAfold in BsrH (Fig. 1C ) may be important for interaction with symmetrical or asymmetrical loops in hemH-mRNA.
Iron acts as an important structural component in proteins and other cellular components in almost all biological objects. Brucella cells require iron transporters for WT virulence in natural and experimental hosts. Early surveys of the whole genome sequence have found that up to 33 genes may be involved in iron transport and storage in B. abortus 2308 (Roop 2012) . The majority of these genes (such as irr, bfr genes involved in siderophore production and heme uptake) play important roles in Brucella virulence (Denoel et al., 1997; Bellaire et al., 2003; Paulley, Anderson and Roop 2007; Anderson et al., 2011) .
Several sRNAs involved in adaptation to iron deficiency have already been found in other bacteria (Hoe et al., 2013) . RyhB, for instance, affects the expression of iron-scavengingrelated genes and/or virulence-related genes in E. coli (Masse and Gottesman 2002) , Shigella dysenteriae (Murphy and Payne 2007) , Klebsiella pneumoniae (Huang et al., 2012) and Vibrio cholerae (Davis et al., 2005) . In Pseudomonas aeruginosa, sRNAs PrrF1, PrrF2 (Oglesby et al., 2008) and PrrH (Oglesby-Sherrouse and Vasil 2010) can repress the translation of mRNA for iron-using proteins. NrrF of Neisseria meningitidis (Metruccio et al., 2009) and FsrA of Bacillus subtilis (Gaballa et al., 2008) repress the translation of sdhCDAB, encoding the succinate dehydrogenase complex. Brucella cells are facultative intracellular pathogens. Thus, they need to adapt to iron-deficiency stress in their normal life cycle. However, unlike the well-known iron transport pathways of other bacteria, no sRNAs involved in iron metabolism were identified in Brucella spp. so far.
When cultured in an iron-limitation medium, the bsrH expression was repressed in B. abortus 2308, and the survival ratio of the strain overexpressing BsrH was significantly reduced. BsrH, therefore, is somehow involved in cell adaptation to iron deficiency. However, the same cells showed no difference in bacterial virulence both in vitro and in vivo, which might be attributed to some compensatory mechanisms and/or availability of other iron sources in host cells.
When cultured in other stress conditions (pH 4.5, 2.5 mM H 2 O 2 and nutrition deficiency), the BsrH expression levels increased. It suggests that this sRNA might be useful in stress adaption. Previous studies demonstrated that expression of many sRNAs in other bacteria is regulated by ECF sigma factors (Xue et al., 2010) . In B. abortus 2308, there are only two ECF sigma factors (RpoE1 and RpoE2). RpoE1 is involved in adaptation to acidic and oxidative stresses and Brucella virulence (Kim et al., 2013) , while RpoE2 may be not associated with these reactions to stress (our unpublished data). Since the expression level of BsrH changed significantly under various stresses, transcription of bsrH may be dependent on RpoE or other transcription regulators.
With the development of the next-generation sequencing and sRNA prediction software, a large amount of sRNA have been discovered in various bacteria, though only a small part of these sRNAs have been further investigated in depth. At present, overexpression, knockouts and differential expression upon environmental stimuli are the primary ways to study the functions of sRNAs. Very few sRNAs were found to be involved in bacterial virulence. For example, two sRNAs (abcR1 and abcR2) in B. abortus 2308 have been documented. Studies also indicated that abcR1 and abcR2 single mutants were not defective for their ability to survive in cultured murine macrophages. Only an abcR1 abcR2 double mutant exhibited significant attenuation in the macrophages and mouse model of chronic Brucella infection (Caswell et al., 2012) . Since BsrH was located at the putative promoter region of hemH, it was difficult to delete BsrH without affecting the expression of hemH, an important virulence gene (Almiron et al., 2001) . Therefore, BsrH overexpression strain was constructed in this study to examine the function of this sRNA. Some special approaches are required in order to understand whether functional elimination of BsrH can affect Brucella virulence or not.
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